Hydrogen concentrations of 0 up to 350 mg/ kg in a titanium alloy have been determined at National Institute of Standards and Technology ͑NIST͒ with neutron incoherent scattering ͑NIS͒ and with cold neutron prompt gamma activation analysis. The latter is a well-established technique, while the former was demonstrated earlier at NIST by counting the neutrons scattered under 45°or 60°and establishing a linear relationship between hydrogen concentration and count rate. In this paper, it is shown that the NIS response is complicated by the dependence of the apparent hydrogen scattering cross section on the sample temperature and the hydrogen chemical binding. It is demonstrated that detection of scattered neutrons at two different angles as well as a more complex theoretical approach ͑i.e., including Monte Carlo modeling with the free-gas model͒ are required to correctly interpret NIS measurements. As a result, the process of matching standards and samples becomes less critical.
I. INTRODUCTION
Hydrogen, the most abundant element, is often present as impurity in metals and alloys and can affect their mechanical properties. For example, titanium and its alloys, as used in jet engine compressor blades, embrittles due to the presence of hydrogen even at very low concentrations, in the order of 100-150 mg/ kg. 1 Therefore it is of utmost importance to be able to determine very small hydrogen concentrations in this type of materials. At the National Institute of Standards and Technology ͑NIST͒ neutron incoherent scattering ͑NIS͒ has been developed as an independent technique, in addition to prompt gamma neutron activation analysis ͑PGNAA͒, for the determination of the hydrogen concentration in a titanium alloy 2, 3 in the process of reference material certification. In NIS, a white beam of cold neutrons impinges on the sample and the scattered neutrons are then detected under a few angles. The main element that is targeted in NIS is hydrogen, due to its large incoherent scattering cross section, which is 46 times larger than the coherent scattering cross section ͑80.3 vs 1.76 b͒. 4 The scattering cross section of hydrogen for slow neutrons is usually at least one order of magnitude higher than the scattering cross section of other elements, 4 which results in a high sensitivity for hydrogen. In the early work, the neutron scattering was regarded as isotropic and was measured in one forward direction only ͑in some cases at 45°and in others at 60°͒. Polypropylene foils were employed as standards for hydrogen. The results obtained agreed both with PGNAA measurements and with the concentrations expected from the synthesis procedure, indicating that the technique was suitable for the determination of the hydrogen concentration in the titanium alloy studied. The technique, which is denoted "isotropic NIS" in this paper, has more recently been applied elsewhere for the measurement of hydrogen concentration in zirconium alloys. 5 However, NIS measurements at more than one angle on the same titanium samples measured at NIST ͑Ref. 6͒ revealed that the isotropic approach to analyze NIS data is too simplistic: the observed hydrogen scattering cross section depends on the rigidity of the hydrogen chemical binding as well as on the related thermal motion of the hydrogen atoms in the samples. If the hydrogen is not rigidly bound, the scattering is anisotropic in the laboratory system, the anisotropy varying with hydrogen binding and temperature. These features could be employed to extract more information from the NIS experiments by measuring the scattering under various angles; on the other hand they could produce an unexpected bias in the information obtained in simplistic NIS determinations. 6 The scope of the work described in this paper is to further develop the NIS technique by employing a more sophisticated theoretical model, which takes into account the hydrogen binding and the thermal motions of the scattering atoms by relating both to the "effective mass" of the hydrogen. Since the method proposed employs the free-gas model as theoretical base, the technique will be denoted "free-gas NIS," as opposed to isotropic NIS.
II. EXPERIMENT

A. Sample preparation
Titanium alloy specimens of 10ϫ 10ϫ 1 mm 3 with nominal hydrogen concentrations of 0-, 92.3-, 208-, 238-, 306-, 275-, and 375-mg/ kg hydrogen were prepared at NIST by a direct reaction method employing a Ti-6Al-4V alloy as starting material. 7 The hydrogen mass fractions are expressed as relative to the titanium alloy mass. 
"CNPGAA…
The hydrogen concentration of all titanium samples, except the 275 mg/ kg, was determined by CNPGAA in 1998 as described in Ref. 6 . In 2002 all concentrations were redetermined.
C. NIS
The NIS measurements were performed at the neutron optics facility on the NG0 beam line at the Cold Neutron Research Facility of the NIST Centre for Neutron Research. A white beam of cold neutrons with an average wavelength of 0.4 nm was used. In order to decrease the thermal neutron fraction of the incident beam, a 50.8-mm-thick beryllium crystal at room temperature filtered the incident beam before the sample. The neutron fluence rate at the sample position was approximately 6.6ϫ 10 11 m −2 s −1 . The room-temperature sample was placed in a 30.48-cm 3 aluminum chamber with a sample holder, consisting of 0.5-mm-thick cadmium foil elements screwed onto an aluminum frame, with a circular sample aperture of 0.9-mm-diameter. The collimated beam hit the sample after passing through a 5-mm-diameter aperture in a 50.8-mm 2 Teflon window. After hitting the sample, it exited through a window of the same dimensions at the far side and was stopped by a 6 Li-polymer foil placed behind the chamber. The scattered neutrons were detected with two cylindrical 9.525-cm-long 40-bars 3 He proportional counters oriented perpendicular to the main plane of the arrangement and fixed at two corners of the chamber, i.e., at scattering angles of 45°and 135°. The counters were collimated with cadmium plates 7.62 cm long, leaving an aperture of 2.54 cm. The neutron flux was monitored continuously. In Fig. 1 the experimental geometry is depicted.
The standard measuring sequence for the titanium samples was background measurement, blank, hydrogen-intitanium samples, blank, and background again. Typical count rates were in the order of 100 s −1 . Several series of such experiments were performed. The sample homogeneity was tested by changing the sample orientation, i.e., the samples were measured with both faces facing the neutron beam alternatingly.
The raw data for each sample, i.e., numbers of counts recorded at intervals ranging from 10 s to 1 min, were corrected for the background and normalized to the signal of the blank titanium sample. Poisson statistics were propagated throughout.
III. THEORY
Hydrogen at low concentrations in Ti alloys may be considered randomly distributed, implying that the total scattering cross section gives rise to incoherent scattering. In the experiments described here, a cold neutron beam is employed, for which the neutron wavelength is larger than the crystal lattice dimensions of the metal alloy samples and coherent neutron scattering by the matrix may therefore be excluded as well. In addition, since the neutron energy is less than any of the h of molecular vibrations, inelastic scattering is not occurring either, since no energy can be transferred to the vibrations and the interaction is thus with the whole molecule as a rigid body. 8 This implies that kinetic energy and momentum are conserved and the scattering is thus elastic ͑also known as quasielastic in the neutron-scattering community͒, and that classical mechanics apply. In short, the hydrogen atoms are considered as a free gas in the metal lattice. The direct influence of the chemical binding, as well as its indirect effect through the thermal motion of the atoms, is taken into account using an effective mass in conjunction with the free-gas model.
A. The influence of chemical binding
According to Fermi, 8 the scattering cross section of an atom of mass M ͓amu͔ rigidly bound to an infinite mass, bound , and of the free atom, free , are related by the following expression:
͑1͒
Beckurts and Wirtz 9 give the following expression for atoms that are neither free nor rigidly bound:
where M eff is the effective mass of the scattering atoms with atomic mass M, and ͑M eff ͒ is their scattering cross section. This expression results from a remark by Fermi that "the ratio of the bound-atom scattering cross section to the freeatom scattering cross section is just the square of the ratio of the corresponding reduced masses," 10 In the case of hydrogen, where M =1,
In the case of M eff = ϱ, Eq. ͑3͒ reduces to Eq. ͑1͒.
B. The influence of thermal motion
At room temperature the scattering atoms may not be at rest. If the velocities due to thermal motion are comparable to the velocities of the incoming neutron, the probability of the neutron being scattered increases significantly with the time the neutron spends in the scattering material. If the neu- tron velocity v is low, a 1 / v relation is observed between the apparent scattering cross section and the neutron velocity. If the neutron velocity is much higher than the velocities of the scattering atoms, but not high enough to break chemical bonds, the apparent scattering cross section is constant as a function of v and identical to the scattering cross section as commonly tabulated. A description of the phenomena is provided by the "free-gas model" applied in Monte Carlo codes such as Monte Carlo N-particle code 11 ͑MCNP͒ where it is employed as the best possible approximation for any material for which the complete scattering kernel S͑Q , ͒ is unknown. In addition, the binding of hydrogen is taken into account by assuming effective scattering masses larger than unity. Increased binding implies increased scattering cross section and lowered velocities due to thermal motion. More detail on this approach is given further down.
C. The anisotropy of the scattering
The neutron scattering described is isotropic in the center-of-mass system. In the laboratory system, however, it is anisotropic, the anisotropy being a function of the effective mass of the scatterer and the temperature of the sample. In the ideal case of a scatterer initially at rest
where 2 is the angle between the initial neutron direction and the final neutron direction. However, in the free-gas model, the scattering particle is not at rest: as the neutron velocity decreases or the scatterer's temperature increases, the scattering becomes more isotropic.
D. Monte Carlo modeling: The BUDA program
Up to the present time, no analytical expression has been found to describe the angular distribution of the scattered neutrons in the free-gas model. However, Monte Carlo software to model the scattering process was written specifically for the NIS measurements by employing the free-gas model. 12 This solution was preferred to the use of the MCNP code, since the latter is less suitable for the modeling of purely theoretical scatterers.
The program simulates free-gas NIS experiments by computing self-shielding factors for objects defined beforehand. The self-shielding factor is defined as the number of absorbed neutrons in the object, divided by the product of object volume, macroscopic absorption cross section, and neutron flux density in the neutron field, which would be the expected capture rate in the beam in the case of infinite dilution. This definition is applied both to objects in the neutron beam ͑the scatterers͒ as to objects outside the neutron beam that interact only with scattered neutrons ͑the detectors͒.
Inputs for the program are the geometric data on the experiment, the neutron velocity distribution ͑in the case of the Maxwell-Boltzmann velocity distribution characterized by the temperature of the neutron beam͒, as well as the macroscopic scattering and absorption cross sections, the temperature, and the ͑effective͒ masses for the constituents of each object.
The macroscopic absorption and scattering cross sections ͑⌺͒ for each element x are obtained from the following equation:
where N Av is Avogadro's number, M x is the atomic mass, x is the microscopic cross section in cm 2 , and x ͓g/cm 3 ͔ is the element density in the system analyzed:
f x being the element fraction and tot the density of the scatterer as a whole. First, each neutron is drawn with a velocity v according to the velocity distribution of the neutron source used. In the case of the experiments discussed in this paper, the source is the NG0 beam line at the Cold Neutron Research Facility of the National Institute for Standards and Technology ͑NIST͒ Centre for Neutron Research and the velocity distribution was determined experimentally. 13 Then, the neutron just drawn is followed to the surface of the first object in its path. The scattering interaction frequency I s ͑v͒ of the scattering material is determined by summing the interaction frequencies of its atomic constituents I si ͑v͒.
These individual interaction frequencies I si ͑v͒ are obtained from the atomic scattering cross sections si ͑v͒, their density N i in the material, and a correction factor for the free-gas effect, with the free-gas model formula
where si is obtained with Eq. ͑2͒ and v m is the most likely velocity of the Maxwell-Boltzmann velocity distribution of the scatterer given by
where v 0 is the most likely velocity at 293.6 K and 2200 m / s. The absorption interaction frequency I a is obtained with
The program then computes a random time-to-interaction t from a uniformly drawn value r between 0 and 1 using t = − ln r I a + I s , ͑11͒
and from this time t and the velocity of the neutron the point of interaction in space follows. If this point lies within the object, a scattering or absorption event has occurred, and a second random number is drawn to decide which. If the point lies beyond the object, the process is repeated with unchanged velocity and the exit point as the new starting point. To calculate the neutron velocity and direction in the case of a scattering event, the velocity of the scattering atom is drawn from the Maxwell-Boltzmann distribution mentioned in Eqs. ͑8͒ and ͑9͒, with a random direction, using the methods described in the MCNP documentation. In the centerof-mass frame, the scattering is considered isotropic so the new direction of the neutron is drawn at random in that frame. Employing the laws of conservation of momentum and energy the neutron velocity is obtained. Finally, the velocity is translated back to the laboratory frame.
E. Example simulations
The BUDA program was employed to simulate the interaction between a neutron beam as present at the NG0 facility at NIST, and a scatterer described by the free-gas model. The scatterer temperature and mass were varied and the effect on the isotropy was observed. The output was divided in bunches of 2.5°from 0°to 180°and consisted of the number of neutrons scattered within each particular angle interval. Figure 2 presents the scattering intensity as a function of scattering angle for a free-gas scatterer for various masses at a constant temperature of 298 K. The yield is normalized to the total number of neutrons employed in the simulation. For clarity of representation, the scattering intensity is reported divided by the sine of the corresponding angle. As expected, for an infinite mass ͑M = 1000͒, the scattering is isotropic; for decreasing mass, the signal gets increasingly anisotropic; in particular, the forward signal increases at the expense of the backward signal.
In Fig. 3 the simulated scattering intensity as a function of angle for various scatterer temperatures is shown. Also in this figure the yield is normalized to the total number of neutrons and divided by the sine of the scattering angle. The scatterer employed has M = 1. It can be observed that the isotropy increases with increasing temperature. Total isotropy is not obtained in this simulation, since the maximum temperature value is limited.
The scattering of a thin hydrogen slab as employed in the NIS experiments as a function of hydrogen effective mass at angles of 45°and 135°was simulated as well. The macroscopic scattering cross section for each hydrogen effective mass was calculated with Eq. ͑5͒. The value used for free , the total scattering cross section of the free hydrogen atom was 20.5 b. This value was adjusted for each effective mass using Eq. ͑3͒. The value for the absorption cross section was 0.3326 b. 4 The pure hydrogen slab model was considered to be applicable because a titanium blank was available, so that net hydrogen scattering intensities could be obtained, and it was considered to be thin because the hydrogen concentrations in the sample were known to be low. The scattering intensity relative to "rigidly bound" for the two angles of 45°and 135°͑left y axis͒ and the ratio of the two intensities ͑right y axis͒, as a function of hydrogen effective mass, are presented in Fig. 4 . The scattering intensities are normalized to the scattering intensity for bound hydrogen, i.e., modeled with effective mass of 1000. The graph shows a complex relationship between the scattering at the two angles and the hydrogen effective mass; the forward/ backward ratio, however, is a monotonically decreasing function of the hydrogen effective mass.
F. The free-gas NIS experiment
As opposed to isotropic NIS, a fundamental part of the free-gas NIS experiments consists of data analysis based on Monte Carlo simulations with the free-gas model employing the BUDA program described above.
A free-gas NIS experiment thus consists of the following steps:
͑1͒ NIS experiment with neutron detection at two scattering angles. ͑2͒ Monte Carlo simulations with the BUDA program em-FIG. 2. Simulated scattering intensity as a function of scattering angle for various masses for a "free-gas" scatterer at room temperature for a neutron spectrum as employed at the NIST NG0 facility. The scattering yield is normalized to the total number of neutrons employed in the simulation. The figure shows that the scattering is isotropic at infinite mass ͑M = 1000͒ and becomes anisotropic as the mass decreases.
FIG. 3.
Simulated scattering intensity as a function of scattering angle for various scatterer temperatures for a "free-gas" scatterer with M =1 and a neutron spectrum as employed at the NIST NG0 facility. The scattering yield is normalized to the total number of neutrons employed in the simulation. The figure shows that the scattering anisotropy increases with decreasing temperature.
ploying the free-gas model, providing the calibration which allows for the determination of the hydrogen effective mass in the sample analyzed. This simulation is specific for the sample matrix composition as well as for its dimensions. ͑3͒ Determination of the hydrogen effective mass from the ratio of the two observed scattering intensities. ͑4͒ The observed effective mass translates to the scattering cross sections in the two directions, so that the scattering intensities can be quantitatively interpreted in terms of hydrogen content.
This process may have to be iterated especially at high hydrogen concentrations, since the scattering intensity ratio is also affected by multiple scattering in the sample. Table I represents the results of CNPGAA on all samples analyzed. For comparison, the measurements performed in 1998 shortly after preparation 6 are listed as well. In the following, the hydrogen-in-titanium samples are referred to by employing the concentrations as measured by CNPGAA in 2002, i.e., the third column in Table I .
IV. RESULTS
A. CNPGAA
B. Free-gas NIS
NIS experiments
A typical result of the NIS measurements on the titanium samples is shown in Fig. 5 . The NIS-normalized count rates for forward ͑45°͒ and backward ͑135°͒ scattering are plotted versus the hydrogen concentration obtained by CNPGAA. The results agree with the measurements performed earlier by Blaauw, 6 with the 273-mg/ kg sample yielding an anomalous result again. This sample was therefore treated separately during data analysis and in the following discussion.
The experimental values were fitted with a linear equation of the form
where a ͓͑mg/ kg͔ −1 ͒, i.e., the slope-over-intercept ratio of the straight lines in Fig. 5 , represents the increase in hydrogen scattering relative to the titanium scattering and b, i.e., the intercept, represents the titanium scattering. With the parameter a, the apparent hydrogen scattering cross section in the direction of interest can be calculated with the following equation:
The factor 1 ϫ 10 6 accounts for the hydrogen concentration being expressed in mg/kg. Ti = 2.79 b, the scattering cross section per atom in the titanium alloy, has been calculated employing the incoherent scattering cross sections for the elements Ti, Al, and V reported in Ref. 4 .
Data obtained in four experiments for all samples except the 273 mg/ kg sample were fitted simultaneously. The data for the 273-mg/ kg sample were treated separately. Both results are presented in Table II. The table includes The left y axis refers to the scattering intensity, whereas the right y axis refers to the forward/backward ratio. The forward and backward scattering reveal a complex dependence on the hydrogen effective mass, the forward to backward ratio, however, is a monotonically decreasing function of the effective mass. a, and the calculated hydrogen scattering cross section, s , both for the forward and the backward scattering. The last row represents the weighted mean of the four experiments.
Free-gas Monte Carlo simulation and data analysis
The values obtained from the Monte Carlo simulation in Fig. 4 were employed to interpret the experimental results presented in Table II Table II divided by the scattering cross section of the bound hydrogen atom ͑80.3 b͒. The next column represents their ratio. In the following three columns, the same values for the Monte Carlo simulations, as obtained in Fig. 4 , are shown. The free-gas analysis performed by deriving an effective mass of 12 from the forward/backward ratio and then using the corresponding theoretical cross sections in either direction would have yielded the correct hydrogen concentrations for all samples, without the use of standards, except for the 273-mg/ kg sample.
For the 273-mg/ kg sample no satisfactory match could be found between the experiment and simulation. It was then hypothesized that two states of hydrogen might be present simultaneously. A fraction f and two effective-mass values were found such that the following equation was satisfied in both scattering directions:
The solution that satisfied this condition was f = 0.625, M 1 = 1.2, and M 2 = ϱ.
V. DISCUSSION
The NIS and CNPGAA measurements performed in 1998 ͑Ref. 6͒ were repeated in 2002 in order to verify if the hydrogen concentration and the NIS response remained constant. In particular, in 1998 a different scattering behavior was observed in the 273-mg/ kg sample and it was thought that this might be due to higher hydrogen mobility, perhaps leading to hydrogen loss over time.
The experiments performed in 2002 ͑Fig. 5͒ exhibit the same trend as those performed previously, the PGNAA results being statistically identical, meaning that the hypothesis of hydrogen loss over time in Ref. 6 was falsified. The final results in terms of observed effective masses and scattering cross sections agree with the known sample compositions for the "normal" samples, i.e., the 273-mg/ kg sample excluded. That is, the free-gas NIS approach yields the correct hydrogen concentrations in these samples, and that without the use of a calibration sample. The 273-mg/ kg specimen clearly shows a different behavior, suggesting that it differs from the others not only in hydrogen concentration but also in hydrogen state or structure. The anomalous sample showed lower backward scattering and a clearly anisotropic response. An influence on the measurement of oscillations in the ambient temperature was excluded, since the NIS results were completely reproducible at various times of the day. Also, as already mentioned, the outlier behavior was observed in the earlier experiments as well. 6 As discussed in the theoretical description of free-gas NIS, anisotropy may be correlated with hydrogen effective mass and thus hydrogen binding in the sample. Analysis of the NIS data with the free-gas model showed that the experimental data resulted in a hydrogen effective mass of 12 amu for the normal titanium chips, whereas for the 273 mg/ kg, the free-gas model seemed to indicate that this sample had a somewhat more complex composition consisting of two groups of hydrogen, one with effective mass of 1.2 amu and the second one with infinite effective mass, i.e., tightly bound ͑Table III͒. The physical interpretation of these findings is not obvious; the lower effective mass of a fraction of the hydrogen in the 273-mg/ kg sample might represent higher hydrogen mobility, meaning that at a given point in time, some hydrogen atoms are freely moving through the crystal lattice, while others are tightly bound and cannot exchange kinetic energy with the slow neutrons.
It was discovered that, in order for isotropic NIS to yield correct results, the standard should not only consist of the same material as the unknown sample, as stated in Ref. 5 , but also have comparable hydrogen effective mass. In the case of polypropylene, the hydrogen effective mass may be approximated by the one of polyethylene, which has been determined experimentally by measuring the average cosine of the scattering angle. This was found to be 0.1, which corresponds to a hydrogen effective mass of 7 amu ͓see Eq.
͑4͔͒.
14 This indicates that the hydrogen is moderately tightly bound to the matrix and use of polypropylene as a standard for materials in which ͑some of͒ the hydrogen might not be as tightly bound yields erroneous results depending on the observation angle. Detection of neutrons scattered under two different angles is thus necessary as a safeguard against unexpected variations in anisotropy.
VI. CONCLUSIONS
A first attempt has been made to get a more thorough understanding of the NIS measurements.
It was demonstrated that, in order to apply NIS for the determination of hydrogen concentration in metal alloys, a more complex model than the isotropic one needs to be employed that takes into account the influence of chemical binding and sample temperature on the apparent scattering cross section of hydrogen. In particular, it was shown that determining the hydrogen concentration in a sample with unknown effective hydrogen mass by the free-gas NIS procedure yields the correct result in most cases without requiring the use of standards; however, there could be cases, such as the 273-mg/ kg sample, where the procedure would yield erroneous results.
Further research is required to establish a link between hydrogen effective mass and hydrogen chemical state in the matrix. It is suggested that this could be useful for applications in material science.
